Background
Flavonoids are a heterogeneous group of polyphenolic compounds found ubiquitously in a wide variety of plants. Their chemical structure is based on 2-phenyl chromen, also known as flavan [1] . Flavonoids display a wide range of pharmacological properties, including antiinflammatory, antioxidative, antiviral, antibacterial and antiproliferative activities [1, 2] . Previous studies carried out by our group described the cytotoxic activity of mucronulatol, a flavonoid found originally in Indigofera sp. [3] . Here we describe for the first time diverse flavonoids, isolated from Caribbean propolis, which show high cytotoxic activitiy in various cancer cell lines.
Material and methods
Using standard RP-HPLC systems, eight different compounds among four new flavonoids were isolated from Caribbean propolis in addition to the already reported in this natural source [3] . Molecular structures were analyzed using both mass spectroscopy and 2D NMR techniques. Using MTT proliferation assay we determined their cytotoxicity in a panel of human tumor cell lines and sublines expressing cancer stem cell-like phenotypes (CSCs). In addition non tumoral cell lines were included for search the degree of toxicity in normal systems. The effect of these compounds on cell cycle regulation and cell signalling was analyzed using standard RT-PCR and Western blot methods. Consequently, we analyzed the most important cyclins and CDKs involve in G0/G1, S and G2/M phases of cell cycle machinery. In addition, protein and gene expression of MEK/ERK transducers were investigated. Moreover, a tubulin assay was employed in order to find out the effects of those compounds on tubulin polymerization. For this purpose we used a commercial Kit purchased from Cytoskeleton (FL, USA) following its instructions. We used two different controls which share different mechanisms of action involved in tubulin cell physiology. On one hand, we employed placlitaxel (3 µM) which stabilizes the microtubule avoiding its disassembly and thus unable to achieve a metaphase spindle configuration. On the other hand we used vinblastin (3 µM) which inhibits microtubule assembly. The compounds were subjected to several biochemical studies including inhibition of topoisomerases, DNA-polymerases, DNA intercalation among others in order to define the mechanism of action.
Results
In addition to mucronutalol previously reported in Caribbean propolis [3] , four additional flavonoids, with distinct molecular structures and molecular weights ranging from 288 to 390 Da. have been identified using mass spectroscopy and 2D NMR techniques. We have provisionally named these small molecules A3-2, A4-6, A4-7, A5-3 so long as their final stereochemistry remains non-elucidated. These compounds showed cytotoxicity in various cancer cell lines including cancer stem cell-like entities. IC 50 values, depending on the tumor histology, were observed between 1.6 -46.5 µg/ml without any detectable cross-resistance with clinically used cytostatics such as etoposide and anthracyclines. Interestingly, A4-6 and A5-3 were more active in such cell entities with cancer stem cell features. The substance A4-6, in particular, was more active in CSCs derived from breast (IC 50 -values WT/CSCs 18.3 vs. 8.7 µg/ml) and prostate carcinomas (IC 50 -values WT/CSCs 9.1 vs. 4.9 µg/ ml), whereas A5-3 was more active in CSCs derived from colon carcinoma (IC 50 -values WT/CSC 3.1 vs. 0.9 µg/ml) and neuroblastoma (IC 50 -values WT/CSC 6.8 vs. 3.7 µg/ ml). PCR-analyses revealed that A5-3 induces a strong down-regulation of cyclin E and CDK4 and therefore blocks the S-phase with a remarkable increase in the G1-population. Additionally, a marked disruption in signalling of MEK/ERK was also observed for this compound. More interestingly, A3-2 and A4-6 agents act by inhibiting the tubulin polymerization as depicted in Figure 1 . No inhibition of replicative enzymes such as topoisomerases, DNA-polymerases and DNA intercalation was observed for any of the compounds tested. The mechanism of action of A4-7 however, still remains unclear.
Conclusions
Here we report for the first time, four novel flavonoids isolated from Caribbean propolis. These small molecules show high cytotoxicity in various cancer cell lines including cancer stem cell-like entities. We selected these compounds as candidates for further studies on the mechanism of action, in particular because of their novelty and lack of cross-resistance with widely known cytostatics employed in the clinic. Interestingly, A4-6 and A5-3 were more active in such tumor entities, which displayed high chemotherapeutic resistance and CSCs features i.e. breast and prostate carcinomas as well as in neuroblastoma, as reflected in the findings reported in the Results section. The cytotoxicity of A5-3 was mainly associated with the down-regulation of several key elements in the cell cycle progression. In addition, an extensive alteration in gene expression, in particular of MEK/ERK signal transduction elements was observed. Of particular interest was the fact that A4-6 and A3-2 are potent tubuline polymerization inhibitors at concentration of 20 µg/ml, which represents about 2-to 4-fold their IC 50 . For these compounds, the inhibition of tubulin polymerization activity was greater than vinblastine, taking into consideration that in the system employed vinblastine efficiently acts at 100-fold their IC 50 . The mechanism of action for A4-7 remains unclear. Hitherto, the exact targets and mechanism of action of the majority of these small molecules and their origin in nature remains unclear. Chemical synthesis of these compounds and their derivatives is currently in progress. Figure 1 . In vitro inhibition of tubulin polymerization by A3-2 and A4-6. Both compounds were tested using a commercial tubulin polymerization kit at a concentration of 20 µg/ml. Compounds A3-2 and A4-6 were able to inhibit the tubulin polymerization at concentrations nearby their respective IC 50 for the majority of cell lines in which they were tested. Positive controls, placlitaxel and vinblastin at concentration of 3 µM, negative control, H 2 O. Results depicted are representative for three independent experiments.
